This study investigates the effects of pH, treatment time, distance between electrodes, and voltage on the efficiency of chemical oxygen demand (COD) removal from artificial wastewater through an electrocoagulation (EC) process. Anode and cathode electrodes were fabricated using commercial Al plates. The results demonstrate that the COD removal efficiency can be increased to 51% when the initial pH is 4.1. Moreover, pH had the largest impact on the COD removal efficiency compared to the other parameters. At low initial pH, insoluble compounds were formed, increasing the COD removal efficiency. Whereas at high initial pH, the formation of soluble compounds was favored, resulting in a net reduction of COD removal efficiency. Furthermore, a correlation between the varying sizes of hydrogen bubbles and COD removal efficiency was observed at different pH values. The results suggest that a narrow hydrogen bubble-size distribution of approximately 42 µm can increase the COD removal efficiency because of the enhancement of the flotation mechanism during EC. Finally, the results from X-ray diffraction and energy dispersive spectroscopy suggest that flotation provides better adsorption than precipitation during EC.
INTRODUCTION
Chemical oxygen demand (COD) is a traditional and widely used indicator of water quality. COD quantifies the amount of oxygen used for the chemical oxidation of inorganic and organic matter contained in the wastewater. Causes for high COD include biodegradable organic, non-biodegradable, and inorganic oxidizable compounds [1] .
Electrocoagulation (EC) is a promising water-treatment process because of its simple design and operation. However, the high cost of electricity is the main barrier impeding its use in industrial applications [2, 3] . Recently, the incipient promotion of renewable energy sources has decreased energy costs, generating new interest in the EC process for the treatment of industrial wastewater. Moreover, the use of renewable energy sources with EC processing can promote an eco-friendly method of wastewater treatment.
Recently, EC has been used in industrial applications, such as for the treatment of municipal wastewater, textile wastewater, poultry manure wastewater, landfill leachate, rose processing wastewater, chemical mechanical polishing wastewater, etc. [4] . However, several uncertainties and challenges remain regarding the transition from laboratory to industrial scales.
Despite the impressive amount of research on the wastewater treatment using EC, no applications of EC for COD removal from artificial wastewater (based on Organization for Economic Cooperation and Development (OECD) standards) have been investigated. Moreover, during EC, the relationship between pH variations and other parameters (e.g., treatment time and applied voltage) and COD removal efficiency has received inadequate attention. This investigation seeks clarification of this relationship, especially between pH variation and treatment time on COD removal efficiency. In the extant literature, little or no consideration has been paid to the relationship between hydrogen bubble size and COD removal efficiency during EC. Therefore, this study aims to assess this relationship. Furthermore, very few studies have examined the characterization of precipitation and flotation using X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS), after EC with Al electrodes to remove COD from wastewater. In this study, the efficiency of precipitation and flotation on COD removal from artificial wastewater is compared based on EC by-product characterizations.
EC promotes the formation of coagulant species from the electrolytic oxidation of a sacrificial anode triggered by an electric current passing through electrodes. EC significantly reduces the formation of sub-products and sludge during treatment. Moreover, the sludge generated by EC processes tends to be less toxic than those generated by other chemical water purification processes. Furthermore, they are easy to separate via precipitation or flotation using the hydrogen microbubbles formed at the cathode [5] . A typical EC system can use direct current (DC), alternating current (AC), or alternating pulsed current (APC) as the power supply to create an electrochemical cell between the anode and cathode immerged in the wastewater. Metal ions are generated via oxidation at the anode, and hydroxides (OH -) are generated by reduction at the cathode. Metal ions and hydroxides combine in the solution, producing metal hydroxides with a high ability for physical adsorption [6, 7] . Thus, coagulant particles can adsorb ions and other micro-colloidal particles from the wastewater for removal by precipitation or flotation.
Usually, Fe and Al are used as electrodes, because they are commercially available at a low cost, and their hydroxides exhibit low toxicity and high valence after precipitation, enhancing their pollutantremoval capability [8] . Nonetheless, Al is preferred, because it is stable, easily handled, and readily soluble [9] .
Typical reactions of Al at the anode and cathode can be understood as follows: At the anode, Al oxidizes to form Al 3+ cations [8] .
(1) However, at high anodic potential, secondary reactions may occur [10, 11] . For instance, water can oxidize, forming hydronium cation and oxygen gas. However, in the solution, chloride anions can be oxidized into Cl2, contributing to the oxidation of dissolved organic compounds or to the formation of ClOH [12] .
(3) 2 + 2 = + + + − (4) At the cathode, water is reduced into hydrogen gas and hydroxyl anions [8] . 2( 2 ) + 2 − = 2 + 2( − ) (5) EC is affected by the pH of wastewater, which controls the solubility of products formed during electrolysis. For the Al-based electrodes, the Pourbaix diagram suggests that, at a pH<4, soluble species Al +3 ions are the main product of EC, whereas at 4<pH<10, the formation of the insoluble compound Al(OH)3 is favored. At pH>10, the soluble Al(OH)4 − tends to be formed according to Reaction (6) [8, 13] . Therefore, pH is essential to controlling the product species and their solubility in wastewater.
Anode dissolution and combination with OHgroups from the cathode may occur via monomeric and polymeric reactions of Al 3+ and Al(OH)2 + species [4] . Additionally, hydrogen bubbles are generated by the reduction process at the cathode, whereas only a few oxygen bubbles are released from the anode [14] . The size of the bubbles can significantly influence their retention time and stability in the solution. Large bubbles tend to rise quickly to the surface, decreasing the possibility of capturing pollutants. In contrast, microbubbles (20 -50 µm) can increase the retention time by several orders of magnitude [15] . Consequently, this increases the probability of catching pollutants from the solution and enhancing the COD removal efficiency. This study used the Sauter (D 32 ) average diameter to determine the hydrogen bubble sizes (see Equation 7 ). The correlation between their size and COD removal efficiency, 32 , is considered an appropriate flotation metric, because it is defined as the average diameter of volume to surface-area ratio of all bubbles, where active surface area is important [16] .
where is the bubble diameter, and n is the number of bubbles obtained from the bubble-size measurement. Figure 1 shows the EC setup used in this study. The EC reactor comprised a 300-ml beaker containing 200 ml of a standard artificial wastewater. Anode and cathode electrodes were fabricated by using commercial Al plates. All electrodes were 55×20×1 mm 3 each, located as shown in Figure 1 . The distance between electrodes (x) was evaluated from 0.5-2.0 cm. A DC power supply (PL-650-0.1, Matsusada Co. Ltd., Japan) was used in potentiostatic mode from 5-18 V during different treatment times. The artificial wastewater was stirred at 200 rpm at room temperature to enhance contact between pollutants and the metal hydroxide adsorbent formed during EC. Table 1 shows the artificial wastewater composition proposed by OECD as a standard solution to evaluate wastewater treatments [17] . The nominal composition was diluted in 1 L of deionized water and stirred for 1 h. Artificial wastewater was stored up to 1 week in a dark room at 4 °C. HCl and NaOH were used to adjust the initial pH of artificial wastewater. Electrical conductivity and pH were recorded immediately after the EC experiments with a pH meter (Model HM-30R, range from 0.000-14) and a COND meter (Model ES-71), respectively. COD was measured using the HACH 8000 method. Each COD measurement was performed in duplicate or triplicate to ensure the repeatability of results.
EXPERIMENTAL
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The COD removal efficiency ( ) at time t is defined as:
where 0 and correspond to the COD at the beginning and at time t of the experiment, respectively.
The precipitation and flotation characteristics and the anode surface were analyzed using field emission scanning electron microscopy (FE-SEM) (JEOL JSM-6700F), energy dispersive spectroscopy (EDS), and X-ray diffraction (XRD) (Rigaku RINT-2500, CuK).
Bubble size
The size variation of hydrogen bubbles at the cathode was recorded using a high-speed microscope (Keyence VW-9000m, Japan). Recording parameters were set to: 6,000-s shutter speed, 2,000 fps frame rate, 640×480 resolution, and ×200 magnification. The size and distribution of the bubbles were calculated using ImageJ software [18] , examining at least 1,000 bubbles for each experiment. Figure 2 shows the COD removal efficiency ( ) as a function of the initial pH of artificial wastewater for different treatment times. The maximum COD removal efficiency was 51%, observed at pH = 4.1. This can be attributed to the simultaneous varying formation of monomeric and polymeric species that eventually changed into Al(OH)3, as indicated by the complex precipitation. These Al(OH)3 compounds have large surface areas and act as a coagulant. Thus, they are useful for the fast adsorption of soluble organic compounds and metal ions, resulting in a high COD removal efficiency [19] [20] [21] . However, the COD removal efficiency decreased at the initial pH except for 4.1. This may have been caused by the amphoteric characteristic of Al(OH)3, which converted to Al 3+ and Al(OH)4 − when the initial pH was low or high, respectively [8, 13] . Generally, the formation of soluble products is predominant at high and very low initial pH, causing COD removal efficiency to gradually decrease. Figure 3 shows the variation of pH as a function of treatment time at different initial pH conditions. At an initial pH<9, the final pH increased with treatment time for two reasons: hydrogen evolution at the cathode and partial exchange of Cl − , SO4 2− , and PO4 2anions with OH − in Al(OH)3 to release free OH − groups [12] . In contrast, at an initial pH>9, both Ca 2+ and Mg 2+ cations coprecipitated with Al(OH)3, leading to a net pH decrease. Moreover, at an initial pH>9, the formation of Al(OH)4was predominant, which reduced the final pH of the artificial wastewater [5, 12] . Additionally, Figure 3 shows no significant final pH variation for treatment time of over ~90 min, suggesting that the initial pH determines the long-term operating conditions of the EC process. Figure 4 presents the rate of change of COD removal efficiency ( ) as a function of treatment time for different voltages. Maximum COD removal efficiency was achieved faster at low voltages than at higher ones. This can be attributed to the fact that low voltages were insufficient to promote the formation of Al(OH)3 compounds, despite the increase in treatment time. On the other hand, regardless of voltages, all experiments reached maximum or saturated COD removal efficiency ( ) after 90 min, and the efficiency remained nearly constant afterwards. This trend was in excellent agreement with the changes of initial pH observed in Figure 3 . The pH increased quickly from 10-90 min, suggesting that the amount of hydrogen bubbles increased according to Reaction (5) . These bubbles improved the mixing degree of Al(OH)3 and pollutants, which enhanced the flotation ability of the cell and led to an increase in the overall COD removal efficiency [4] . Moreover, COD removal efficiency depends on the quantity of aluminum and hydroxyl ions generated in the solution. When the treatment time increases, the amount of aluminum dissolved in the medium increases, and the production of hydroxyl ions also increase. Consequently, promoting the amount of Al(OH)3 formation causes more pollutants to be adsorbed by Al(OH)3, enhancing COD removal efficiency [22] . Figure 5 shows the effect of the distance between electrodes (x) on COD removal efficiency. Maximum COD removal efficiency was observed at x=1 cm. This result can be explained by the fact that, at short inter-electrode distances, higher electrostatic attraction occurs. Therefore, the generated Al(OH)3 acted as a coagulant and removed pollutants by sedimentation, but the ability was degraded by collisions with each other. However, when the inter-electrode distance increases, the electrostatic effect decreases. Thus, the movement of generated ions is slower, providing more time to form Al(OH)3 compounds for the aggregation and precipitation of suspended particles and for the adsorption of dissolved pollutants. This enhances COD removal efficiency. However, when the distance between electrodes increases above the optimum (x=1 cm), the travel times of the ions increase excessively, reducing the formation of flocs needed to coagulate soluble organic compounds and metal ions, resulting in decreased COD removal efficiency [23] [24] [25] . Figure 6 . Effect of applied voltage on COD removal efficiency under a 90-min treatment Figure 6 shows the variation of COD removal efficiency as a function of applied voltage for different initial pH of artificial wastewater. Regardless of initial pH, the COD removal efficiency increased with the application of voltage on the reactor, showing that the maximum COD removal efficiency of 51% occurred at an applied voltage of 15 V. This result agrees with Figure 4 , in which COD removal efficiency becomes saturated and approaches its maximum faster at lower voltages. It can be understood that, below the optimum voltage (15 V), soluble Al + is predominant in the solution. Hence, the coagulation effects are less significant. Furthermore, when low voltage is applied to the Al anodes that is insufficiently to produce a larger number of Al 3+ ions, increasing the coagulation capability, and more bubbles are generated from the cathode, enhancing flotation ability. Therefore, COD removal efficiency was low. In contrast, above the optimum voltage, more bubbles are generated from the anode, implying a higher oxygen formation. Therefore, competition between aluminum dissolution and oxygen evolution occurred. Thus, Al(OH)3 formation was reduced, leading to a decrease in COD removal efficiency [14, 26] . Figure 7 shows that the Sauter diameter decreased from 45 to 36 µm as the initial pH of artificial wastewater increased from 3.8-9.4. Generally, high pH leads to a reduction in hydrogen bubble size. Therefore, the size depends on the H + ion concentration. When the H + ion concentration is low, the diameter of the hydrogen bubbles is small and vice versa [27, 28] . The H + concentration decreased significantly because of the alkaline wastewater environment, resulting in a smaller volume of nucleated hydrogen bubbles, as shown by the Sauter diameter in Figure 7 . Figure 8 shows the COD removal efficiency as a function of the Sauter diameter of hydrogen bubbles. Maximum COD removal efficiency was observed at hydrogen-bubble sizes of ~42 µm. Small hydrogen bubbles are easily dragged around by the fluid movement, restricting their ascent and promoting foamy formations. In contrast, large bubbles sizes easily collapse during their rise, decreasing the contribution of flotation to the reduction of COD removal. Thus, these study results imply that hydrogen bubble sizes of ~42 µm promote flotation, which contributes to pollutant removal from media, resulting in increased COD removal efficiency. Therefore, the results suggest that a proper method to identify the net contribution of the flotation mechanism to COD removal efficiency should include control of the initial and final pH during the EC and controlled hydrogen bubble size, which governs flotation efficiency. This could be accomplished by using an external bubble generator. Figure 9 shows the morphology of the anode surface before (Figure 9a ) and after ( Figure 9b ) the EC process. The results reveal that the surface of the anode was rough and that indentations were established. This was caused by Al dissolution after EC. The formation of indentations can be attributed to the consumption of anode material at the active sites due to the production of oxygen at the surface [29] . Figure 10 shows the XRD pattern of flotation and precipitation after the EC process. The signal intensities from the XRD diffraction of flotation were slightly lower than that of precipitation. The decrease of intensity can be attributed to better soluble organic compound adsorption during flotation [30] . Moreover, XRD signals were found to match the values of aluminum oxide hydroxide in both flotation and precipitation (ICDD 00-049-0133). The diffraction signal of the other elements was absent because of the low content in crystallites, such that the signal was covered by that of hydroxides. Figure 11 shows that the by-products formed during EC were composed of elements, such as Al, O, P, K, and Cl. This analysis confirmed that C, P, and K were entrapped within the Al(OH)3 complex and were removed by flotation ( Figure 11a ). However, Cl was adsorbed by the coagulant and formed a sludge that was removed via precipitation ( Figure 11b ). The results from Figs. 10 and 11 suggest that flotation can adsorb more pollutants than precipitation. Therefore, a bubble generator and pH control could enhance the flotation function, thus increasing COD removal efficiency.
RESULTS AND DISCUSSION
1. Effect of initial pH on COD removal efficiency
Effect of treatment time on COD removal efficiency
Effect of the distance between electrodes on COD removal efficiency
Effect of applied voltage on COD removal efficiency
Correlation between hydrogen bubbles size and COD removal efficiency
SEM, XRD, and EDS analysis
CONCLUSIONS
EC was used to reduce the COD from artificial wastewater. The highest COD removal efficiency (51%) was achieved by using commercial Al plates as anodes and cathodes and by setting the initial pH to 4.1. The initial pH seems to control the variation of pH in the effluent during EC, consequently determining the final COD removal efficiency of the wastewater treatment. Thus, with an initial pH of 4.1, the main EC products were insoluble Al(OH)3. Whereas at a higher initial pH, a gradual formation of soluble Al 3+based species was promoted and, thus, the final COD removal efficiency presented a lower yield. Moreover, a minimum voltage (15 V) can be applied to promote an adequate formation rate of insoluble species from anode dissolution and cathode hydrogen bubbling. Additionally, hydrogen bubble size contributed to COD removal efficiency by controlling the yield of the flotation process. Hydrogen bubble sizes of ~42 µm was preferred to enhance the flotation process. Nevertheless, further experiments should be performed to determine the impact of the flotation mechanism on the wastewater purification process under EC. For example, this could be accomplished by using external bubble
(a) (b)
generators and controlling the initial and final pH. Finally, the results showed that flotation was better than precipitation in removing pollutants from wastewater.
